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The work presented by Matsumura et al. in this issue of Structure describes the structure of the ternary
GAPDH-NAD-CP12 and the binary NAD-GAPDH complex in the cyanobacterium Synechococcus elongatus.CP12 is a chloroplast protein made up of
80 amino acid residues that can be found
widely in many photosynthetic organisms
including higher plants, microalgae, and
cyanobacteria (Groben et al., 2010).
Some regions of CP12 are highly con-
served, and in most organisms, CP12
has a pair of cysteine residues at the
C terminus and/or a second pair at the
N terminus, though this second pair is
absent in the cyanobacterium, Synecho-
coccus elongatus. Each of these pairs is
capable of forming a disulphide bridge.
Although the disulphide bridges are likely
to structure the molecule, CP12 shares
some physico-chemical properties with
intrinsically disordered proteins (IDPs).
CP12 from the green alga Chlamydomo-
nas reinhardtii and from the higher plant
Arabidopsis thaliana were shown, by cir-
cular dichroism and nuclear magnetic
resonance, to lack any regular secondary
structure in solution. Under oxidizing con-
ditions, owing to the formation of two
disulphide bridges at the C terminus and
at the N terminus of the CP12, the overall
disorder of the protein is reduced and
the amount of a helices is increased, but
oxidized CP12 still remains very flexible.
IDPs, mainly found in eukaryotes, exhibit
little secondary structure, high flexibility,
and low compactness. As a consequence
of their plasticity, IDPs bind to multiple
partners and, under physiological condi-
tions and the absence of a rigid globular
structure, might confer a considerable
functional advantage (Tompa, 2005). The
function of IDPs includes the regulation
of translation and transcription, protein
phosphorylation, storage of small mole-
cules, signal transduction, and acting as
linkers to form multi-protein complexes.
It has been shown that CP12 may act
as a linker between phosphoribulokinase1728 Structure 19, December 7, 2011 ª2011(PRK) and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), two enzymes
that belong to the Calvin cycle respon-
sible for CO2 assimilation (Graciet et al.,
2003). It has also been reported that
CP12 is able to bind copper ion and FBP
aldolase, another Calvin cycle enzyme
(Erales et al., 2008, 2009). The active role
of CP12 in the assembly pathway of
the PRK/GAPDH/CP12 complex has
been extensively described (Figure 1) in
C. reinhardtii and in the higher plant,
Arabidopsis thaliana (Marri et al., 2008).
CP12 promotes the oligomerisation be-
tween PRK and GAPDH in the presence
of NAD(H) and their dissociation in the
presence of NADP(H). The inactive com-
plex exists under dark or oxidizing con-
ditions when the Calvin cycle is not func-
tioning and dissociates upon light or
reducing conditions to release fully-active
enzymes. The Calvin cycle may thus be
regulated by association and dissociation
of the PRK/GAPDH/CP12 complex.
There are a number of different iso-
forms of GAPDH: a GapA and a GapC1
isoform that do not have regulatory cys-
teine residues, and GapB isoform, mainly
found in higher plants (Trost et al., 2006)
which has a C terminus extension that
is homologous with part of CP12. The
existence of the GAPDH/CP12 complex
allows isoform A4 of GAPDH in algae
and cyanobacteria to be redox-regulated.
The presence of the C terminal disulphide
bridge on CP12 offsets the lack of redox
sensitive cysteine residues on the A sub-
unit and consequently plays a major role
in the regulation of the activity of the A4
GAPDH isoform.
Studies using mutagenesis and limited
proteolysis have allowed the residues
involved in the interaction between CP12
andGAPDH fromC. reinhardtii to bemap-Elsevier Ltd All rights reservedped. A bioinformatic approach has also
been used to produce a structural model
of oxidized CP12 from the C. reinhardtii
sequence, but no experimental data were
available (Gardebien et al., 2006). The
work presented in this issue of Structure
byMatsumura et al. (2011) provides struc-
tural information required to understand
the functional biology of GAPDH regula-
tion, at least for cyanobacteria. The crystal
of GAPDH-NAD-CP12 confirmed that
oxidizedCP12 interactswithin theGAPDH
groove, and the structure of this ternary
complex explains how CP12 binding
downregulates the activity of GAPDH.
IDPsmay undergo some degree of folding
upon binding to their partner, and clearly,
the work by Matsumura et al. (2011)
showed that CP12 became partially struc-
tured when bound to GAPDH.
Few studies have analyzed the struc-
ture of protein-protein complexes in the
Calvin cycle. To our knowledge, the only
available crystal structure of a complex
involved in this pathway was the struc-
ture of a three-enzyme complex (phos-
phoribose isomerase/PRK/ribulose 1,5-
bisphosphate carboxylase-oxygenase)
from spinach obtained at 3.5 A˚ resolution
(Sainis and Jawali, 1994). Using cryo-
electron microscopy for the C. reinhardtii
PRK/GAPDH/CP12complex,strongstruc-
tural differences between the modeled
PRK dimers (not embedded in the com-
plex) and PRK in the three-dimensional
reconstruction volume of the whole com-
plex were suggested (Mouche et al.,
2002). Most isolated particles had a rod-
like shape, with overall dimensions (20 3
10 nm) that were in good agreement with
the expected size of the complex (about
460 kDa). At that time, the authors had
not detected CP12 in the bi-enzyme com-
plex, but the data clearly showed the
Figure 1. Schematic Representation of the Calvin Cycle and Model of the PRK/GAPDH/CP12 Assembly Pathway
Ribulose-1,5-bisphosphate carboxylase-oxygenase catalyses the conversion of ribulose-1,5-bisphosphate (RuBP) in the presence of carbon dioxide into two
molecules of 3-phosphoglycerate (PGA). Phosphoglycerate kinase, using ATP, converts PGA into 1,3-bisphosphoglycerate (BPGA). Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) then produces glyceraldehyde-3-phosphate (GAP) and inorganic phosphate using NADPH. Phosphoribulokinase
(PRK) phosphorylates ribulose-5-phosphate (Ru5P) with ATP to give RuBP. GAPDH (tetrameric form) binds CP12 causing, a conformational change to occur
that allows PRK (dimeric form) to bind. This PRK/GAPDH/CP12 unit then dimerizes to give the fully-formed supramolecular complex. The first step (CP12 binding
to GAPDH) is described with structural data in this issue of Structure by Matsumura et al. (2011).
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Previewspresence of additional density that was
postulated to be CP12. These data were
a first step for a better understanding
of conformational changes within multi-
enzyme complexes but the mechanistic
details were lacking due to low resolu-
tion. Together with the studies performed
earlier, the crystal structure of the
GAPDH-NAD-CP12 ternary complex ob-
tained by Matsumura et al. (2011) from
S. elongatus allows a better under-
standing of the regulation of GAPDH with
CP12 in cyanobacteria and also raises
some important questions that can now
be addressed. For example, does PRK
binding depend on extensive negative
charge that emerged upon CP12 binding
on GAPDH? Further, work is now required
to see if CP12 becomes fully structured in
the presence of GAPDH and PRK. More-
over, because the CP12 from the cyano-bacterium S. elongatus does not possess
the N-terminal disulphide bridge, a com-
parison with other photosynthetic organ-
isms that possess a CP12 with two disul-
phide bridges would be very interesting.
It is clear that further analysis of this
structure will provide more insights into
the precise molecular interactions, at
the atomic level, underlying enzyme
regulation.REFERENCES
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